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We have produced sympathetically cooled barium monohalide ions BaX+ (X = F, Cl, Br) by re-
acting trapped, laser cooled Ba+ ions with room temperature gas phase neutral halogen-containing
molecules. Reaction rates for two of these (SF6 and CH3Cl) have been measured and are in agree-
ment with classical models. BaX+ ions are promising candidates for cooling to the rovibrational
ground state, and our method presents a straightforward way to produce these polar molecular ions.
PACS numbers: 82.30.Fi, 82.20.Pm, 37.10.Ty
In recent years, considerable progress has been made
in extending laser cooling techniques to both neutral
molecules [1–4] and molecular ions [5–7]. Cold molec-
ular ions are of particular interest for the study of chem-
ical reactions in the quantum regime [8], electron electric
dipole moment searches, [9, 10], testing for time varia-
tion of fundamental constants [11], and for use in cavity
QED experiments [12]. One particularly promising class
of molecular ions for cooling and precision spectroscopy
are alkaline earth monohalide ions which consist of two
closed-shell atomic ions. These molecules, among others,
can be cooled to the rovibrational ground state via colli-
sions with ultracold neutral atoms [13, 14]. One method
for producing such ions, employed in Refs. [14–16], is
ablating an appropriate target. Several studies have pro-
duced other alkaline earth monohalides such as CaF+
[17–19]. Additionally, Ba+ is known to react with HCl
to form BaCl+ [16], but in this case, the presence of HCl
was an unintended byproduct formed by reaction of back-
ground gases and ablation products from a BaCl2 target.
Here, we produce translationally cold BaX+ ions (X
= F, Cl, Br) through reactions with neutral molecules
at room temperature and trapped Ba+ ions at mK tem-
peratures. We determine the reaction rate constants for
the production of BaF+ and BaCl+, and we utilize both
non-destructive motional resonance coupling and mass-
selective ejection to verify the reaction products. Pro-
ducing BaX+ ions in this way is simple and allows for
the study of different barium monohalide species with-
out significant changes in the experimental setup.
The experiment begins with Coulomb crystals of Ba+
ions formed in a linear Paul trap with radius r0 = 3.18
mm and RF frequency Ω = 2pi × 2.7 MHz with RF ap-
plied to all four electrodes (Fig. 1). Typical peak-to-peak
RF voltages are V ≈ 100–400 V for trapping, and up to
∼ 2 kV during loading. The barium ions are loaded by
ablating a barium metal target in a similar manner as de-
scribed previously [20]. Ions are confined axially with end
caps separated by 25 mm. Typical end cap voltages are
UEC ≈ 100–300 V. Cooling (λ = 493 nm) and repumper
(λ = 650 nm) beams are introduced axially from one end
of the trap. This causes an axial sorting of barium iso-
topes visible as an apparent asymmetry in the Coulomb
crystal structure as shown in Fig. 1. We typically tune
the cooling and repumper beams such that they are red
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FIG. 1: (Color online) (a) Ba+ energy levels and optical tran-
sitions. (b) A typical Coulomb crystal containing several hun-
dred Ba+ ions. Radiation pressure forces 138Ba+ ions in the
direction of laser propagation (to the left) and the remain-
ing isotopes collect on the other end (right). (c) Schematic
drawing of the experimental setup. Ba+ ions are loaded via
laser ablation (diagonal beam) and cooled axially (horizontal
beam). Fluorescence images are obtained with a NA = 0.34
achromatic lens and magnified by a factor of 4.
detuned for maximum fluorescence of 138Ba+ since it is
the most abundant isotope and therefore maximizes the
fluorescence signal. The lasers are separately stabilized to
temperature controlled cavities that are in turn locked to
a 780 nm laser referenced to a Rb vapor cell (see Ref. [21]
for a similar locking scheme).
In order to create BaX+ molecular ions, the reactants
are leaked into the vacuum chamber at partial pressures
of up to 10−9 torr. At these pressures, the laser cooled
ions remain in an ordered state. The reactions result in
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FIG. 2: (Color online) (a) A typical loss rate measurement
between Ba+ and SF6 at a partial pressure of 2.8×10−10 torr
using total fluorescence. The dashed line is a nonlinear least
squares fit to an exponential decay from which the loss rate is
extracted. (b)–(e) Snapshots of the Coulomb crystal at each
point indicated in (a).
the loss of Ba+ ions and so a loss rate can be determined
by measuring the total fluorescence over time (Fig. 2).
The loss rates can then be transformed into reaction rate
constants by measuring the loss rate at different pressures
and extracting the slope of a linear fit to these data. We
utilize SF6, CH3Cl, and Br2 as reactants. SF6 and CH3Cl
are in the gas phase at room temperature and are stored
in a reservoir of about 500 mL at pressures of slightly
more than 1 atm which is connected to the inlet of the
leak valve. Bromine is a liquid at room temperature, but
has a sufficiently high vapor pressure of Br2 (∼ 185 torr
[22]) to use as a gas phase reactant. A few mL of liquid
bromine is added to a small reservoir at rough vacuum
which is connected to the leak valve inlet.
The simplest model for characterizing the rate of re-
actions between ions and neutral, nonpolar molecules is
the Langevin model [23]. Assuming spherical symmetry
and given the charge Ze on the ion and polarizability α of
the neutral molecule, the Langevin reaction rate constant
can be expressed in Gaussian-cgs units as
kL = 2piZe
√
α
µ
, (1)
where µ is the reduced mass. Typical rates calculated
from this model are of order 10−9 cm3 s−1. The Langevin
model is not comprehensive, but nevertheless serves as
a useful estimate of reaction rates and many nonpolar
molecules do indeed react at or near the predicted rate.
For polar molecules, the Langevin rate must be corrected
by taking into account the dipole moment d. The cor-
rected rate constant is expressed as [24]
kc = kL + ckD = 2piZe
(√
α
µ
+ cd
√
2
piµkBT
)
, (2)
where 0 < c < 1 and kD is the component of the rate
constant associated with a “locked in” dipole. There are
several methods for estimating c including the average
dipole orientation theory [25], but to lowest order, by
setting c = 1, Eq. (2) can be used to estimate an upper
bound on the reaction rate.
In order to translate loss rate measurements into a re-
action rate constant, we measure the loss rate of Ba+ ions
at several different reactant gas pressures. The measured
reaction rate constant k is then the slope of a linear fit to
the loss rate versus pressure data. We use a Varian UHV-
24 ion gauge to measure pressures and apply appropriate
correction factors  in order to obtain a reading more
suitable for the reactant introduced. This gives us cor-
rected rate constants k = k. Ultimately, since the ion
gauge was not calibrated, the dominant source of error
lies with the pressure measurements and thus the mea-
sured values k are accurate only within a factor of 2 or
3.
To form BaF+, we utilize SF6. The expected reaction
is
Ba+ + SF6 −→ BaF+ + SF5, (3)
which from known thermochemistry is exothermic by 2.8
eV. In order to determine the reaction rate constant k
between Ba+ and SF6, a series of measurements of the
Ba+ loss rate were made at several different partial pres-
sures of SF6. A linear fit of the measured loss rates versus
partial pressure then yields the reaction constant (Fig. 3)
which is listed in Table I. We find that the reaction be-
tween Ba+ and SF6 proceeds in good agreement with the
Langevin model.
Energy considerations imply that Eq. (3) should be
the dominant reaction between Ba+ and SF6, but to ver-
ify this, we performed mass spectroscopic measurements
on reaction products. One common method is to ex-
cite motional resonances of the trapped ions by applying
an additional AC voltage to the trap electrodes. Ions
are heated when in resonance with this applied voltage
which results an increase of temperature for all trapped
ions through their mutual Coulomb repulsion. This in-
creased temperature changes the laser cooled ion fluores-
cence and thus can be used to determine the ion masses
[32–34]. For a single ion, axial and radial frequencies
3TABLE I: Reaction rate constants between Ba+ and neutral
reactants used in this work in units of 10−9 cm3 s−1. Re-
action rate constants k using uncorrected ion gauge pressure
readings are multiplied by ion gauge correction factors  to
obtain the corrected reaction rate constants k = k. Ion
gauge correction factors are obtained from [26]. Also listed
are the theoretical Langevin rate constant (kL), dipole cor-
rection term (kD), and upper bound corrected Langevin rate
constant (kc ≤ kL + kD) using polarizabilities from [27–30]
and dipole moment from [31].
Reactant k  k kL kD kc
SF6 0.58 2.3 1.3 0.59 — —
CH3Cl 0.63 2.6 1.6 0.82 2.87 ≤ 3.69
Br2 — 3.8 — 0.70 — —
I2 — 5.4 — 0.80 — —
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FIG. 3: (Color online) Ba+ + SF6 reaction rate measure-
ments. Each point represents the average measured loss rate
at a given target partial pressure. Vertical error bars repre-
sent the standard deviation of the measured loss rates and
horizontal error bars indicate the standard deviation of the
pressure recorded by the ion gauge for each measurement.
The solid line is a linear fit to the data. Partial pressures are
corrected using the ion gauge correction factor  = 2.3.
are given respectively by ωz = (2ZeκUEC/mz
2
0)
1/2 and
ωr = (ω
2
0 − ω2z/2)1/2, where ω0 = ZeV/
√
2mr20Ω, κ is a
unitless geometric constant, and z0 is half the distance
between the end caps. However, co-trapping ions of dif-
ferent species is well known to introduce shifts away from
these frequencies which complicates attempts to use the
AC resonance frequencies to determine the masses of the
trap contents with good precision [35]. Furthermore, the
preceding expressions are derived assuming the trapping
pseudopotential is quadratic in each dimension. This is
generally a good approximation in the radial direction,
but due to the geometry of our trap, the axial potential
deviates from a quadratic approximation significantly for
large Coulomb crystals. Nevertheless, frequency sweeps
are still useful as they are nondestructive and provide in-
formation about the mass of the sympathetically cooled
ions relative to that of the laser cooled ions. We drive
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FIG. 4: (Color online) AC frequency sweeps after Ba+
Coulomb crystals react with (a) CH3Cl, (b) SF6 and (c) O2.
CCD counts are scaled and offset for clarity. In each case, the
broader resonance at lower frequencies is due to the heavier
sympathetically cooled product ions while the narrower res-
onance at higher frequencies is due to the laser cooled Ba+
ions.
radial modes by applying AC signals of several hundred
mV to one of the trap electrodes. Typical results from
frequency sweeps of Coulomb crystals composed of Ba+
and reaction products (A+) are presented in Fig. 4.
It should be noted that the mass of BaF+ (≈ 157 amu)
is very near the mass of SF+6 (≈ 146 amu). Given the
known frequency shift effects and fairly low mass resolu-
tion, frequency sweeps alone are not sufficient to preclude
the possibility that the reaction between Ba+ and SF6 is
simple charge exchange. However, the ionization energy
of SF6 is known to be > 15 eV compared to 5.2 eV for
Ba [36, 37], making such a reaction energetically unfavor-
able. Furthermore, SF+6 is expected to rapidly decay into
SF+5 which is lighter than
138Ba+ by more than 10 amu
[38]. Lighter sympathetically cooled ions are more tightly
confined at a given RF voltage, and therefore form a light
core at the center of the Coulomb crystal. Likewise, heav-
ier sympathetically cooled ions form shells on the exterior
of the Coulomb crystal. Since we only observe the latter
crystal structures, we conclude all reaction products are
heavier than Ba+.
To further rule out the possibility of charge exchange
between Ba+ and SF6, we also performed a series of de-
structive measurements utilizing the Mathieu stability
parameters q = 2ZeV/mr20Ω
2 and a = 4ZeU/mr20Ω
2. By
applying DC offset voltages ±U/2 to each RF electrode,
a portion of the q-a stability boundary for heavy, sympa-
thetically cooled A+ ions can be determined by watching
for a change in the crystal structure and a contraction of
the crystal which appears as an overall shift of the fluo-
rescing ions toward the center of the trap. These changes
in the crystal indicate the ejection of the heavier ions
thereby allowing for determination of their mass. Ba+
ions are first loaded into the trap, then allowed to react
with SF6 for several seconds until the crystal structure
clearly indicates the presence of heavier sympathetically
4cooled ions. The RF voltage is then brought to a partic-
ular value of V and DC offsets are pulsed with increasing
voltage until the crystal structure changes and shifts to-
wards the center of the trap, indicating the ejection of A+
ions. This value of U is recorded and the DC voltage is
increased further in order to find the value of U at which
Ba+ is ejected. Overlaying these U , V pairs on top of
the theoretical stability boundaries then gives us a more
precise determination of the product mass than do AC
frequency sweeps. Because the probe for measuring RF
voltage is not well calibrated, the probe reading is multi-
plied by a scaling factor which is chosen by fitting the U ,
V pairs for Ba+ to its theoretical stability boundary. In
order to test this method, we performed similar measure-
ments on Coulomb crystals consisting of Ba+ and BaO+
formed by leaking O2 into the chamber. This utilizes the
endothermic reaction Ba+ + O2 −→ BaO+ + O which has
been studied extensively elsewhere [39, 40]. The results
of these measurements following both reactions Ba++O2
and Ba+ + SF6 are shown in Fig. 5. Given these results
and the previously discussed energy considerations, we
conclude that we are in fact producing BaF+ by the re-
action Eq. (3).
For the production of BaCl+, Ba+ was reacted with
CH3Cl via the reaction
Ba+ + CH3Cl −→ BaCl+ + CH3. (4)
The rate constant was measured in the same manner as
described above for reactions with SF6. The results of the
reaction rate measurement are shown in Fig. 6 and the
associated rate constant compared with theory is listed
in Table I. As with the Ba++SF6 reaction, our measure-
ments are in good agreement with the dipole-corrected
Langevin model.
The AC frequency sweep in Fig. 4 shows that Eq. (4)
is likely the dominant reaction between Ba+ and CH3Cl.
However, this data alone is not sufficient to entirely rule
out some production of BaH+ via the reaction
Ba+ + CH3Cl −→ BaH+ + CH2Cl (5)
since the mass spectroscopic techniques here are not suf-
ficient to resolve mass differences of 1 amu [42]. The reac-
tion (5) is estimated to be endothermic by 2.3 eV which
would preclude it from occurring with Ba+ in the ground
state [22]. However, Ba+ ions in the 62P1/2 excited state
are able to overcome this energy barrier such that Eq. (5)
becomes exothermic by 0.2 eV. This implies that there
is likely some amount of BaH+ being produced. Future
studies with improved mass resolution via time-of-flight
mass spectrometry [16] or high precision non-destructive
techniques [41] will be necessary to fully analyze reaction
products.
BaBr+ is produced through the reaction
Ba+ + Br2 −→ BaBr+ + Br, (6)
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FIG. 5: (Color online) Analysis of products of the reaction
between (a) Ba+ and O2 and (b) Ba
+ and SF6. By care-
fully applying DC offsets to each RF electrode, heavy reac-
tion products can be ejected from the trap without losing any
Ba+. The inset images of (b) show crystals before (bottom)
and after (top) applying voltages to eject BaF+. Note both
a change in crystal structure and an overall shift towards the
trap center (to the right). Solid curves represent the theoret-
ical stability region boundaries.
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FIG. 6: (Color online) Ba+ + CH3Cl reaction rate measure-
ments. Partial pressures are corrected using the ion gauge
correction factor  = 2.6.
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FIG. 7: (Color online) (a) Destructive mass determination fol-
lowing reactions between Ba+ and Br2. (b) Integrated CCD
counts along the center and near one end of the Coulomb crys-
tals indicated with the dotted box in (a) both before (curve
with squares) and after (curve with circles) applying a U pulse
to eject BaBr+ ions. The shift to the right indicates the suc-
cessful ejection of heavy ions.
which is exothermic by about 2.2 eV. In order to get
enough Br2 in the vicinity of the trapped Ba
+ ions, it
was necessary to increase the leak rate considerably com-
pared to what was required for SF6 and CH3Cl. This al-
lowed other contaminants such as O2, CO2, and H2O into
the chamber simultaneously which also react with Ba+.
However, the first two reactions are endothermic with the
ground state [40], and the last is barely exothermic [39].
Thus by blocking the cooling beams, primarily BaBr+ is
produced. Measuring loss rates was not possible because
of this, but it appeared to be much slower than with
the other reactants. We suspect this was in part due to
the liquid nature of Br2 at room temperature combined
with the fact that there was no direct line of sight be-
tween the leak valve and the trapped ions. Due to the
slow apparent loss rate, producing enough BaBr+ to ob-
tain a good AC frequency sweep mass spectrum was not
practical, so destructive measurements as in Fig. 5 were
performed and are shown in Fig. 7. Because the number
of product ions was very small compared to the number
of Ba+ ions, ejection of reactants is noted by watching
for a shift in the outermost ion towards the center rather
than watching for a large change in crystal structure.
We also attempted to produce BaI+ in a similar man-
ner using the reaction
Ba+ + I2 −→ BaI + I (7)
which is also exothermic by about 2.2 eV. I2 is a solid
at room temperature with a vapor pressure of around
300 mtorr. A sample of a few grams of I2 was placed
in a small reservoir evacuated to rough vacuum before
being connected to the leak valve inlet. No BaI+ pro-
duction was observed, presumably for similar reasons as
mentioned above. Future studies with a more optimal
chamber geometry could allow for study of reaction (7)
at room temperature.
In summary, we have demonstrated a simple method
for the production of translationally cold BaF+, BaCl+,
and BaBr+ by reacting Ba+ ions with SF6, CH3Cl, and
Br2. Reaction rate constants between Ba
+ and SF6 and
CH3Cl were measured and found to be in good agree-
ment with classical predictions within the limitations of
pressure measurements. With some changes to the vac-
uum chamber, similar rate constant measurements could
be made for the reactions of Ba+ with I2 and Br2.
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